Background: The objective of this study was to quantify the sensitivity of very low concentrations of highsensitivity cardiac troponin T (hsTnT) at ED arrival for acute myocardial infarction (AMI) in a large cohort of chest pain patients evaluated in real-world clinical practice.
in a subgroup of 3,549 higher-risk patients who underwent serial troponin testing. In this subgroup, a cutoff of 3 ng/L ruled out 7-day AMI in 9.6% of patients with 100% sensitivity and NPV, a cutoff of 5 ng/L ruled out 7-day AMI in 23.3% of patients with 99.7% sensitivity and 99.9% NPV, and a cutoff of 6 ng/L ruled out 7-day AMI in 29.8% of patients with 99.7 and 99.9% NPV. In the higher-risk subgroup, the sensitivities of cutoffs of <3, <5, and <6 ng/L for 7-day MACE were 99.8, 97.4, and 96.6%, respectively. In this higher-risk subgroup, the NPV of cutoffs of <3, <5, and <6 ng/L for 7-day MACE were 99.7, 98.5, and 98.4%, respectively.
Conclusions: When used in real-world clinical practice conditions, hsTnT concentrations < 6 ng/L (below the lower reportable limit for an FDA-approved assay) at the time of ED arrival can rule out AMI with very high sensitivity and NPV. The sensitivity for MACE is unacceptably low, and thus a single-troponin rule-out strategy should only be used in the context of a structured risk evaluation.
C hest pain of potential cardiac origin accounts for up to 6% of emergency department (ED) presentations 1,2 and 25% of admissions. 1 However, less than 15% of these patients actually have an acute coronary syndrome (ACS). 2 Because of the risks associated with diagnostic error, emergency physicians strive for ACS miss rates of 1% or less. 3, 4 The desire for near-perfect sensitivity has led to high diagnostic utilization that involves provocative testing, advanced imaging, prolonged observation, or hospitalization for many lowrisk patients, 5 generating excessive cost and potential iatrogenic harm.
High-sensitivity troponin assays may identify low-risk patients suitable for early discharge. Recent studies show that, in ED patients with chest pain, a high-sensitivity cardiac troponin T (hsTnT) result below the assay's limit of blank (LoB, <3 ng/L) or limit of detection (LoD, <5 ng/L) at the time of ED arrival can rule out acute myocardial infarction (AMI) with high sensitivity and negative predictive value (NPV). 6, 7 The 2015 European Society for Cardiology guidelines for non-ST-elevation ACS state that a single hsTnT level below 5 ng/L taken greater than 3 hours after symptom onset is sufficient to rule out AMI. 8 The ability to rule out AMI without serial testing is a paradigm-changing innovation that has profound implications for ED efficiency and diagnostic utilization.
In January 2017, the U.S. Food and Drug administration (FDA) approved hsTnT for clinical use. Although Europe and Canada have years of experience with a <5 ng/L LoD, the FDA has specified that U.S. laboratories will report a limit of quantification (LoQ) of <6 ng/L. To date, there are no published data describing the test characteristics of this proposed LoQ for ruling out AMI at the time of ED arrival.
Previous studies evaluating the sensitivity of an undetectable hsTnT were single site or used a common central laboratory, thus reducing variation in assay performance. There is concern that, when translated into real-world practice, assay imprecision and bias may yield higher variation than observed in prospective observational studies. [9] [10] [11] [12] [13] [14] This is especially true for hospitals using multiple analyzers and different reagent lots. The U.K. National Institute for Health and Care Excellence has emphasized the importance of verifying test performance in real-world practice settings. 9 The objective of this study was to quantify the test characteristics of very low concentrations of hsTnT drawn at the time of ED arrival in chest pain patients at four different North American EDs using different analyzers. The test characteristics of the manufacturer's stated and FDA-approved LoQ will be also assessed in this study population.
METHODS

Study Setting and Population
This observational study retrospectively analyzed one year of prospectively collected administrative data and registry data from four adult urban EDs in Calgary, Alberta, Canada (population 1.2 million), which have combined annual ED census of 325,000 visits, including 13,000 visits for chest pain. These four hospitals share a common, linked ED information system and administrative database. One of the four hospitals is the regional percutaneous coronary intervention site, while the other three have coronary care units.
All four sites use a Roche Elecsys high-sensitivity, fifth-generation, troponin T assay performed on the cobas e601 instrument as per the manufacturer's specifications. This assay has a limit of blank of 3 ng/L, a LoD of 5 ng/L, a LoQ (of 20% coefficient of variation [CV]) of 6 ng/L, a 99th percentile of 14 ng/L in a healthy population outside the United States, and 19 ng/L in the United States. The assay is run on eight separate instruments across the four Calgary urban hospitals. Quality control material (Bio-Rad Laboratories (Canada) Ltd) was run to monitor day to day test Over the study period, three different lot numbers of reagent and two different lot numbers of calibrator were used. Results of hemolyzed samples of >100 mg/dL were not reported to the ED clinicians and samples were redrawn, and thus patients whose initial samples were hemolyzed were excluded from this analysis.
This assay has been in use at these sites since February 2012. Per local recommendations, AMI was considered ruled out if a patient's hsTnT concentration was less than 14 ng/L when measured more than 6 hours after onset of the patient's most significant symptoms. 15 The study included patients age 18 years or older presenting to the participating EDs between January 1 and December 31, 2013, who were assigned a standardized triage code of "chest pain-cardiac features" or "cardiac-type pain" (i.e., epigastric, neck, jaw or arm pain concerning for angina) by ED triage nursing staff and who had a serum hsTnT assay performed within 60 minutes of ED arrival. Patients were excluded if they presented with an ST-elevation myocardial infarction or cardiac arrest in the ED or if they had abnormal kidney function (eGFR < 60 mL/min/m 2 using the CKD-EPI equation). The STARD patient flow diagram is shown in Figure 1 . A subgroup analysis was performed including only patients who underwent serial hsTnT testing to evaluate test characteristics in a higher-risk cohort clearly identified by treating physicians as being at risk for ACS.
Data Sources
Patients were identified using the participating EDs' common administrative database. Outcome data were obtained by linking the ED and hospital administrative databases, Alberta provincial vital statistics, and the Alberta Provincial PRoject for Outcome Assessment in Coronary Heart disease (APPROACH) registry. APPROACH is a registry that prospectively collects data on all patients admitted with a cardiac diagnosis or who have a revascularization procedure in the province of Alberta. 16 All data sources were linked using provincial personal health number, date of birth, and date of service, with a linkage success rate exceeding 99%.
The administrative databases include reliable electronic time stamps for all clinical encounters, including time of arrival, physician assessment, disposition decisions, and all diagnostic and therapeutic interventions. Diagnosis of AMI was made by clinicians based on clinical and electrocardiogram (ECG) features, hsTnT results, and results of cardiac catheterization and was ascertained using ICD-10 codes for the primary diagnosis from hospital databases or as recorded in the APPROACH registry. Type and timing of revascularization procedures were ascertained from the APPROACH registry, and mortality was ascertained from Alberta provincial vital statistics. The primary outcome was the incidence of AMI within 7, 30, and 90 days of ED arrival (including on the index visit). Secondary outcomes included major adverse cardiac events (MACE; all-cause mortality, AMI, and revascularization) and MACE components. Patients whose initial hsTnT concentration was less than 15 ng/L, and who had a MACE outcome identified within 90 days in the APPROACH registry, had their outcomes adjudicated using an electronic medical record review.
ED patients with triage code of
Data Analysis
Descriptive statistics for the study cohort were generated. Sensitivity, specificity, NPVs, positive predictive values, and likelihood ratios for hsTnT concentrations ranging from 3 to 200 ng/L were generated. Differences in proportion of patients ruled out using different cutoffs were compared using confidence intervals (CIs) and Pearson's chi-squared test. Statistical analyses were performed using SAS version 9.2 (SAS Institute) and R version 3.0.3 (www.r-project.org). The study was approved by the University of Calgary Conjoint Health Research Ethics Board without the need for informed consent.
RESULTS
Demographic details and event rates of the 7,130 patients who met inclusion criteria are found in Tables 1 and 2 , along with characteristics of the 3,439 patients who underwent serial hsTnT testing. Among all 7,130 patients, the 7-, 30-, and 90-day AMI incidences were 411 (5.8%), 427 (6.0%), and 444 (6.2%). The 7-, 30-, and 90-day MACE incidences were 494 (6.9%), 551 (7.7%), and 610 (8.6%). The number of patients with an hsTnT concentration less than 3 ng/ L was 1,103 (15.5%), the number of patients with an hsTnT concentration less than 5 ng/L was 2,399 (33.7%), and the number of patients with an hsTnT concentration less than 6 ng/L was 3,009 (42.2%,). The difference in proportion of patients with hsTnT < 5 and hsTnT < 6 was statistically significant (p < 0.0001).The distribution of initial hsTnT concentrations at ED arrival for all patients is shown in Table 3 . Sensitivities and NPVs for 7-, 30-, and 90-day AMI for cutoffs of <3, <5, and <6 ng/L at the time of ED arrival for the entire cohort of 7,130 patients are shown in Table 4 . The sensitivity, NPV, and negative likelihood ratio for 7-day AMI of an hsTnT concentration < 3 ng/L were 100% (95% CI = 98.7%-100%), 100% (95% CI = 99.5%-100%), and 0. The sensitivity, NPV, and negative likelihood ratio for 7-day AMI of an hsTnT concentration < 5 ng/L were 99.8% (95% CI = 98.7%-100%), 99.9% (95% CI = 99.8%-100%), and 0.007. The sensitivity, NPV, and negative likelihood ratio for 7-day AMI of an hsTnT concentration < 6 ng/L were 99.8% (95% CI = 98.7%-100%), 99.9% (95% CI = 99.8%-100%), and 0.005. Test characteristics for 7-day AMI across the range of initial hsTnT concentrations from <3 to 200 ng/L are illustrated in the Data Supplement S1 (Table S1 and Figures S1a-S1c, available as supporting information in the online version of this paper, which Table 5 . The sensitivity, NPV, and negative likelihood ratio for 7-day MACE of an hsTnT concentration < 3 ng/L were 99.6% (95% CI = 98.5%-99.9%), 99.8% (95% CI = 99.5%-100%), and 0.024. The sensitivity, NPV, and negative likelihood ratio for 7-day MACE of an hsTnT concentration < 5 ng/L were 97.4 (95% CI = 95.6%-98.5%), 99.5 (95% CI = 99.1%-99.7%), and 0.073. The sensitivity, NPV, and negative likelihood ratio for 7-day MACE of an hsTnT concen- (Table S2) . Among the 3,439 patients who underwent serial troponin testing, the 7-, 30-, and 90-day AMI incidences were 386 (11.2%), 398 (11.6%), and 413 (12.0%). The 7-, 30-, and 90-day MACE incidences were 464 (13.5%), 508 (14.8%), and 547 (15.9%). The number of patients with an hsTnT concentration less than 3 ng/L was 331 (9.6%), the number of patients with an hsTnT concentration less than 5 ng/ L was 800 (23.3%), and the number of patients with an hsTnT concentration less than 6 ng/L was 1026 (29.8%; Table 1 ). Sensitivity for AMI and MACE was largely unchanged compared to the entire cohort (Tables 6 and 7 ). NPV and negative likelihood ratios for AMI were also similar between the overall cohort and the higher-risk subgroup (Table 6 ). However, the NPV and negative likelihood ratios for MACE were worse in the higher-risk subgroup, particularly for hsTnT concentrations of <5 and <6 ng/L ( Table 7) .
Two patients with an hsTnT concentration of <6 ng/L (0.1%) died of a noncardiac cause within 7 days of their index visit, and a third died of a noncardiac cause approximately 6 weeks after their index visit (Table 8) . One patient with an hsTnT concentration < 6 ng/L (0.04%) had a diagnosis of AMI within 7 days of their index ED visit, while two additional patients with an initial hsTnT < 6 ng/L had an AMI greater than 30 days after their index visit. Characteristics and diagnoses of patients with an initial hsTnT < 6 ng/L who died or were diagnosed with AMI are shown in Table 6 . Test characteristics of the assay were similar across the participating sites, as shown in Data Supplement S1 (Table S3 ).
DISCUSSION
The findings of this large multisite study, using hsTnT results obtained in real-world clinical practice, suggest that AMI can be ruled out in patients with very low concentrations of hsTnT at ED arrival. ED chest pain patients in this study cohort who have hsTnT concentration less than 6 ng/L at the time of ED arrival had a 90-day AMI risk of 0.13%. In this large cohort, a single biomarker drawn shortly after ED arrival could have ruled out AMI in up to 40% of patients.
This finding is consistent with previous prospective studies evaluating the test characteristics of an undetectable hsTnT concentration at the time of ED arrival. 6, 7 These studies found sensitivity of a cutoff of 5 ng/L between 97 and 100%. Sensitivity is further improved when applied only to patients with nonischemic ECG findings. These studies generally included patients who had experienced maximal symptoms at minimum 3 hours prior to the initial hsTnT assay. Our data do not include timing of symptoms or ECG findings. However, we support the view that a single-troponin rule-out strategy should be used only in patients whose time from maximal symptoms is 3 hours or more and who have nonischemic ECG findings. Previous studies, including multicenter investigations, have all used a central laboratory to perform their hsTnT assay and mostly on frozen samples, which are handled differently than fresh samples used in clinical practice. Thus, there is concern with respect to these studies that assay imprecision will be minimized, spuriously improving the assay's test characteristics. [10] [11] [12] [13] [14] This study confirms that previous findings are robust when the assay is performed in real-world clinical conditions on multiple analyzers in different hospitals, supporting the European Society for Cardiology recommendation that an hsTnT concentration < 5 ng/L at the time of ED arrival can be used to rule out AMI in patients presenting more than 3 hours from the onset of their symptoms.
These data also indicate that an hsTnT concentration below the LoQ value of 6 ng/L approved by the U.S. FDA has excellent sensitivity for AMI at the time of ED arrival. Compared to the LoD of the assay of <5 ng/L, the <6 ng/L LoQ endorsed by the FDA can rule out AMI in significantly more patients (42.2% vs. 33.6%, p < 0.0001) while maintaining similar sensitivity for AMI and having only a small incremental loss in sensitivity for MACE.
It is important to note that this single-biomarker strategy had comparatively low sensitivity for MACE. The sensitivity for 7-day MACE of an hsTnT concentration < 6 ng/L was only 96.6%, and the lower bound of the 95% CI for the NPV for MACE was only 99.1%. Test characteristics for 7-day MACE were worse in the higher-risk subgroup of patients who underwent serial troponin testing. Thus, the test characteristics of a single-troponin strategy for MACE likely do not meet an often-cited acceptable miss rate for ACS of less than 1%. 3, 4 Our findings reinforce the notion that maximizing sensitivity for all patients with ACS should involve combining biomarker results with a clinical risk assessment and ECG findings. Indeed, the majority of patients in this cohort with a 7-day MACE missed by the hsTnT assay were diagnosed clinically as unstable angina and admitted for further investigation and treatment. We therefore recommend that a single-troponin rule-out strategy only be used in conjunction with ECG findings and a structured risk assessment to identify low-risk patients suitable for early discharge from the ED. 17 LIMITATIONS This is not a prospective research protocol. Rather, it is a retrospective, pragmatic study examining test characteristics of the hsTnT assay as used in clinical practice in multiple hospitals. This work gives an indication of how the assay performs in a real-world conditions when multiple assay lots are used on several analyzers over 1 year. Patients were identified based on the triage code assigned by a triage nurse. Moreover, because a significant portion of patients had an initial troponin drawn as part of a nurse-initiated protocol, it is possible that a slightly lower-risk patient population was included in this study. However, the triage complaints of chest pain-cardiac features and cardiac-type pain used to identify patients correspond to the AHA research definition of potential ACS symptoms and has been shown to have both construct and outcome validity. 18 We are reassured that patient demographics and outcome rates are similar to other North American cohorts 19, 20 and that the hsTnT assay's test characteristics are preserved in a higher-risk subgroup. We caution that because the inclusion criteria focused on anginal-type pain, these findings may not be generalizable to patients with atypical primary symptoms such as dyspnea or nausea.
Outcomes were ascertained using administrative and registry data, and the diagnosis of AMI was made clinically by attending physicians. Although outcomes were only adjudicated for patients with outcomes and an hsTnT < 15 ng/L, the administrative and registry data used for outcome ascertainment have been shown to be highly reliable for the diagnosis of recent AMI when compared to adjudicated data from medical records. 21 Alberta Vital Statistics and the APPROACH registry capture all deaths, AMI, and revascularization outcomes in the province of Alberta, thereby minimizing the risk of missed outcomes. 16 Overestimation of sensitivity and NPV because of false-negative misclassification is unlikely given prior validation of AMI diagnosis in this administrative data.
As with any study evaluating the test characteristics of troponin assays for AMI, our findings may suffer from incorporation bias in that one outcome-AMI-is defined largely by a positive troponin result. This may bias test characteristic estimates upward and is a challenge affecting nearly all evaluations of high-sensitivity troponin assays. 6,7
CONCLUSIONS
This study, in a large cohort of ED patients undergoing evaluation for possible acute chest syndrome, suggests that the Food and Drug Administration-approved limit of quantification for an high-sensitivity cardiac troponin T assay has very high sensitivity for the diagnosis of acute myocardial infarction, and may be useful for the rapid rule-out of acute myocardial infarction of up to 40% of ED chest pain patients. While this biomarkeronly testing strategy performs very well for ruling out acute myocardial infarction, it is less sensitive for all major adverse cardiac events. It is thus important to use a single-troponin rule-out strategy in combination with electrocardiogram findings and structured clinical evaluation to ensure patients at high risk of MACE are identified and appropriately investigated.
